Aims Growth differentiation factor (GDF)-15 mirrors inflammation and oxidative stress in cardiovascular diseases. Brain natriuretic peptide (BNP) is associated with cardiomyocyte stretch in heart failure (HF). The objective of this study was to evaluate the prognostic impact of plasma GDF-15 and BNP in acute HF. Methods and results We studied a subgroup of patients prospectively recruited in an acute HF registry (follow-up: 2 years; endpoint: all-cause mortality). Cox regression multivariate models were built to study the association of GDF-15 and mortality. Further cross-classification according to discharge GDF-15 (mean) and BNP (mean) and association with mortality was studied. We studied 158 patients: seventy-nine were male, mean age was 75 years, 55.1% had left ventricular ejection fraction < 40%, mean discharge BNP was 1000 pg/mL, and mean GDF-15 was 3013 ng/mL. Higher BNP and GDF-15 predicted 2-year mortality. Patients with GDF-15 ≥ 3000 ng/mL had a multivariate adjusted 2-year death risk of 1.86 (1.08-3.18). Patients discharged with both BNP and GDF-15 above the mean had an adjusted hazard ratio of 4.33 (2.07-9.06) when compared with those with both <mean. Conclusions Higher GDF-15 associated with worse prognosis in acute HF independently of BNP. When both biomarkers GDF-15 and BNP were elevated at discharge, the 2-year mortality risk increased over four-fold. Biomarkers related to different pathophysiological pathways can provide incremental prognostic information in acute HF.
Introduction
Biomarkers reflect biological processes and can provide objective and accurate information with diagnostic and prognostic significance. Their use has emerged as a promising and costeffective diagnostic method to facilitate therapeutic decisionmaking in acute heart failure (HF). 1 Growth differentiation factor 15 (GDF-15) is a member of the transforming growth factor ? cytokine superfamily that is highly expressed in inflammatory states. [2] [3] [4] There is evidence that GDF-15 levels are elevated in cardiovascular diseases and in HF. 5, 6 Previous observations have shown that GDF-15 is associated with prognosis in chronic HF irrespective of ejection fraction. 6, 7 B-type natriuretic peptide (BNP) is a robust biomarker with prognostic significance in all spectrum of HF severity and in acute and chronic HF. [8] [9] [10] [11] [12] GDF-15 mirrors inflammatory stress and BNP mirrors mainly wall stretch. We aimed to evaluate the correlation between these two biomarkers and to evaluate if GDF-15, by reflecting a different pathophysiological pathway, provided incremental prognostic information to BNP in acute HF.
Methods
We studied a subgroup of patients prospectively recruited as part of an acute HF registry that was conducted in the Internal Medicine Department of São João Hospital Center between January 2009 and December 2010. All patients admitted with the primary diagnosis of acute HF were eligible for inclusion in the registry; patients with acute coronary syndrome were excluded, as well as those patients whose symptoms were ultimately attributed, by the attending physician, to causes other than HF. Patients with no structural or function echocardiographic abnormalities were also excluded from the registry. Both de novo and worsening chronic HF as well as patients with systolic dysfunction and those with HF with preserved ejection fraction were included. As part of the registry's protocol, a complete physical examination at admission and in the discharge day was performed to all patients, and patients were drawn a fasting venous blood sample within the first 48 h of hospital admission as well as in the discharge day. BNP determination is a routine laboratory procedure in our hospital; an Abbott chemiluminescent microparticle immunoassay (two-step immunoassay) is used. Serum creatinine was measured using conventional methods with an Olympus AU5400® automated clinical chemistry analyzer (Beckman-Coulter®, Krefeld, Germany). Haemoglobin was obtained using an automated blood counter Sysmex® XE-5000 (Sysmex Europe GmbH, Norderstedt, Germany). GDF-15 was measured by ELISA (Quantikine Human GDF-15 immunoassay). Dilutions (1/4 to 1/8) were performed to obtain values within the analytic range of the kit the assay had a 7% of coefficient of variation.
An echocardiogram was performed to all patients during hospitalization. Left ventricular ejection fraction ≥50% was considered preserved systolic function. The patient's treatment strategy, timing of discharge, and discharge medication were at the discretion of the attending physician. Physicians treating acute HF patients were aware of the ongoing registry. The 2008 European Society of Cardiology guidelines were used for the diagnosis of HF. 13 The registry's protocol conformed to the ethical guidelines of the Declaration of Helsinki, and it was approved by the local ethics committee.
GDF-15 was measured at hospital discharge in a subgroup of consecutive patients. Patients were followed up to 2 years, and the endpoint under analysis was all-cause mortality.
Statistical analysis
A Spearman correlation coefficient was used to study the correlation between GDF-15 and BNP, age, creatinine, C-reactive protein, and haemoglobin. Patients with discharge GDF-15 below and above the median value were compared: χ 2 test for categorical variables, Student's t-test to compare continuous variables, and a Mann-Whitney U-test when continuous variables had a highly skewed distribution.
A Cox regression analysis was used to study the prognostic impact of GDF-15 and BNP. GDF-15 was analysed both as a continuous and as a categorical variable-dichotomized according to the mean. If was first tested and confirmed that there was a stepwise increase in mortality risk with increasing values of GDF-15. Multivariate models were built to study the independent association of GDF-15 with mortality. Variables entering the model were variables differently distributed according to GDF-15: age, haemoglobin, creatinine, C-reactive protein, New York Heart Association (NYHA) class, and BNP; gender and left ventricular systolic dysfunction also entered the model. A second model was built also considering evidence-based HF medications; however, this is not the final model presented because the number of events does not support so many covariates without risk of overfitting. Patients were further cross-classified according to discharge GDF-15 (mean) and discharge BNP (mean) in three groups: those with both discharge GDF-15 and BNP ≥ mean, those with both discharge GDF-15 and BNP < mean (reference category), and those with only one of BNP or GDF-15 above the mean (BNP ≥ mean, but not GDF-15, and GDF-15 ≥ mean, but not BNP). Independent association with mortality was also studied for this dummy-coded variable.
Results
We studied 158 patients discharged after an acute HF episode. Seventy-nine (50%) were male, mean age was 75 years, 87 (55.1%) had left ventricular ejection fraction <40%, mean discharge BNP was 1000.2 pg/mL, and mean (standard deviation) discharge GDF-15 was 3013.3 (1643.0) ng/mL. During the 2-year follow-up, 71 patients (44.9%) died. Table 1 shows patients' characteristics and comparison between patients with GDF-15 <3000 and ≥3000 ng/mL (approximately the mean value). Patients with higher GDF-15 (≥3000 ng/mL) were significantly older and had higher BNP, higher creatinine and C-reactive protein, and lower haemoglobin; they were discharged on higher NYHA class and less medicated with beta-blockers. No differences were reported concerning gender, co-morbidities, ischaemic aetiology of HF, and left ventricular ejection fraction. More patients with elevated discharge GDF-15 died in the 2-year follow-up. GDF-15 correlated positively with age (ρ = 0.27), BNP (ρ = 0.36), creatinine (ρ = 0.51), and C-reactive protein (ρ = 0.28) and negatively with haemoglobin (ρ = À0.305).
Patients with discharge BNP ≥ 1000 pg/mL had an: age-, gender-, left ventricular systolic dysfunction-, discharge NYHA class-, creatinine-, C-reactive protein-, haemoglobin-, and GDF-15; independent risk of 2-year mortality of 2.26 (95% confidence interval: 1.30-3.94), and the age-, gender-, left ventricular systolic dysfunction-, discharge NYHA class-, creatinine, C-reactive protein-, haemoglobin-, and BNP-adjusted risk for GDF-15 ≥ 3000 ng/mL was 1.86 (95% confidence interval:1.08-3.18). Table 2 shows the final multivariate model. Figure 1 shows the Kaplan-Meier survival curves in patients discharged with GDF-15 < 3000 ng/mL and those with higher GDF-15 values. When BNP and GDF-15 were analysed as continuous variables, similar independent 1018 P. Bettencourt et al. associations with mortality were obtained ( Table 3) . When angiotensin-converting enzyme inhibitors and/or angiotensin receptor blockers, beta-blockers, and mineralocorticoid receptor antagonists were included in the model, both GDF-15 and BNP remained independently associated with the outcome (data not shown).
Patients discharged with both BNP and GDF-15 above the mean had a multivariate adjusted hazard ratio of 2-year death of 4.33 (2.07-90.6), P < 0.001 when compared with the reference category (both BNP and GDF-15 below the mean). Patients with only one of the variables above the mean had a hazard ratio of 2-year mortality of 1.76 (0.99-3.14), P = 0.06 (Table 4) . Results were similar if evidence-based HF therapy was included in the final model. Figure 2 shows the Kaplan-Meier survival curves in patients with both GDF-15 and BNP values at discharge above the mean, those with both parameters below the mean at discharge, and those with only one of the parameters above the mean at hospital discharge.
Discussion
Our results provide evidence that a multi-marker approach to stratify patients after an acute HF episode based on different biomarkers that mirror diverse physiopathological systems in HF is promising. These results give subtract to the growing concept that the development of strategies based on individual characteristics have the potential to better tailor HF therapy in an individual level. In our acute HF population, we observed that patients with higher GDF-15 had an almost double long-term mortality when compared with patients with lower levels; patients with higher BNP had a more than double mortality risk; and patients with both biomarkers above the median had more than a four-fold higher death risk.
GDF-15 is a marker of inflammation; it is a member of the transforming growth factor family, which is overexpressed in response to myocardial stress.
14 GDF-15 expression is induced by myocardial stress and remodelling and is expressed in myocytes in response to cardiac ischaemia and pressure ACE-I, angiotensin-converting enzyme inhibitors; ARB, angiotensin receptor blockers; BNP, B-type natriuretic peptide; GDF-15, Growth differentiation factor 15; HF, heart failure; HFpEF, heart failure with preserved ejection fraction; HFrEF, heart failure with reduced ejection fraction; IQR, interquartile range; NYHA, New York Heart Association; SD, standard deviation. GDF-15 in acute heart failure overload. 15 Elevated levels of GDF-15 have been reported in acute coronary syndromes and chronic HF. 6, 7, 16 In our study, we simultaneously measured GDF-15 and BNP in acute HF. We provide evidence of the incremental prognostic utility of GDF-15 over and on top of BNP. The additional prognostic value suggests that beyond the haemodynamic wall stress (BNP), the inflammatory stress (GDF-15) may play an important role in acute HF. Our study sample represents a real-world acute HF population of elderly patients with elevated prevalence of HF with preserved ejection fraction and high co-morbidity burden.
In chronic HF, there is wide evidence showing the independent prognostic value of GDF-15 in patients with preserved and reduced ejection fraction. 6, 7, [16] [17] [18] The prognostic value of GDF-15 has first been observed by Kempf et al. who measured circulating levels of GDF-15 in 455 chronic HF patients. Increasing GDF-15 levels were associated with increasing HF severity. Two-year mortality increased across GDF-15 quartiles (10.0%, 9.4%, 33.4%, and 56.2%, respectively, P < 0.001). Even after multivariate adjustment including for N terminal pro brain natriuretic peptide, GDF-15 remained an independent predictor of mortality. 6 Further data from the Val-HeFT (Valsartan Heart Failure Trial) study support the use of GDF-15 in chronic HF. 16 In Val-HeFT, GDF-15 was measured at baseline and after 12 months. Similar to the study by Kempf et al., GDF-15 levels were associated with features of advanced HF and other biomarkers of neurohormonal activation, inflammation, myocyte injury, and renal dysfunction. In a multiple-variable Cox regression model that included clinical risk factors, BNP, high-sensitivity C-reactive protein, and high-sensitivity Troponin T, GDF-15 was an independent death predictor. A recent report showed that GDF-15 measured within or after an acute HF episode, when included in a multi-marker approach (including N terminal pro brain natriuretic peptide, high-sensitivity cardiac troponin T, GDF-15, and soluble ST2) to determine prognosis, was associated with medium term mortality in acute HF patients. 19 Our study expands these previous observations in chronic and acute HF patients, showing that GDF-15 is independently associated with long-term mortality. Our results also hint that, by using simultaneously BNP and GDF-15, a mortality risk gradient can be observed; suggesting that using both biomarkers, we can identify patients in need of a closer follow-up. To the best of our knowledge, this is the first study in which both GDF-5 and BNP were considered for patient crossclassification and their somehow synergic prognostic power tested in a multivariate approach. GDF-15 levels were equally elevated in patients with preserved and reduced ejection fraction 3077.2 vs. 2980.1 ng/mL. This observation replicates other studies and supports the important role of inflammation in HF with preserved ejection fraction. 7 In our patient population, GDF-15 levels showed a positive correlation with C-reactive protein. Patients with higher GDF-15 levels also tended to have higher C-reactive protein, and, in fact, inflammatory markers seem to be intimately associated with GDF-15. Previous observations have suggested an association of higher C-reactive protein levels with worse prognosis in acute HF, supporting the role of inflammation in the pathophysiology of HF. 20, 21 Our study is limited by the relatively small sample size and single centre nature. Despite the small sample size, we were able to detect prognostic differences according to the discharge GDF-15 level as well as to detect the added prognostic value of GDF-15 on top of BNP knowledge. Future studies are needed to extend our observations and to determine their generalizability to other populations. We did not evaluate other biomarkers with putative clinical value in the acute HF setting such as high-sensivity troponin I and soluble ST2. Soluble ST2 acts as a decoy receptor for interleukin-33, whose binding exerts anti-inflammatory and anti-fibrotic effects. 22, 23 The elevation of soluble ST2 likely reflects activation of systemic inflammation, and the knowledge of both GDF-15 and soluble ST2 as different ways of reflecting a common inflammatory pathway would likely be interesting. Also, the use of GDF-15 as a therapeutic target is yet unknown, and our results do not have direct implications in the management of HF patients; still, a better risk stratification is crucial in HF approach.
Conclusions
The marker of inflammatory stress GDF-15 is associated with long-term mortality in acute HF independently of and beyond BNP. Thus, GDF-15, by reflecting increased wall stiffness from inflammatory injury, may provide complementary pathophysiological information to that of BNP, which reflects haemodynamic wall tension and stress. Our results suggest that the inflammation-related marker GDF-15 may be a candidate to future development of anti-inflammatory therapies for HF patients. Kaplan-Meier survival curves according to discharge BNP and growth differentiation factor 15 (GDF-15): reference category: both biomarkers < mean; other categories-only one of the biomarkers ≥ mean and both biomarkers ≥ mean. Patients with both BNP and GDF-15 < mean had a clear survival benefit while those with both biomarkers ≥ mean had higher 2-year mortality.
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